Abstract A hepatitis E outbreak, which occurred on a small isolated island, provided an opportunity to evaluate the association between the number of hepatitis E cases in the community and the concentration of virus detected in sewage. Samples were collected from the different sewage treatment plants from the island and analyzed for the presence of hepatitis E (HEV) virus using real-time RT-PCR. We demonstrated that if 1-4 % of inhabitants connected to a WWTP were infected with HEV, raw sewage contained HEV at detectable levels. The finding that such a small number of infected people can contaminate municipal sewage works raises the potential of the further distribution of the virus. Indeed, investigating the routes of transmission of HEV, including the potential for sewage effluent to contain infectious HEV, may help us to better understand the epidemiology of this pathogen, which is considered to be an emerging concern in Europe.
Introduction
The demand for clean water for both drinking and food production is increasing, largely due to the increase in the global population. Contaminated water poses a significant risk to public health, as evidenced by the growing recognition of waterborne disease outbreaks (Gall et al. 2015; Uyttendaele et al. 2015) . Nowadays the transmission of human enteric viruses via contaminated water and foods is an important issue due to gastroenteritis and hepatitis outbreaks, which occur worldwide (Gibson 2014; Koopmans 2013) . Inadequate sanitation conditions and ineffective sewage treatment procedures favor virus transmission, as first demonstrated in the late 1940s, when poliovirus was detected in sewage (Metcalf et al. 1995) . Human enteric viruses, comprising a variety of virus families, are shed in high concentrations in human feces. Being highly resistant to sewage treatment, once discharged from treatment plants they may contaminate environmental waters (Gibson 2014; La Rosa et al. 2010; Lodder et al. 2005; Myrmel et al. 2015; Sano et al. 2011 ). Up to now, limited data are available for some viruses such as hepatitis E virus (HEV), which is considered to be an emerging concern in Europe La Rosa et al. 2010; Smith et al. 2016; van der Poel 2014) .
HEV is the sole member of the genus Orthohepevirus, which is in the family Hepeviridae. It is a small non-enveloped virus with a positive-sense, single-stranded RNA genome, and four major genotypes ). The transmission is primarily via the fecal-oral route; however, consumption of undercooked meat products has been linked to clinical cases, and the zoonotic potential of genotypes 3 and 4 (infecting diverse animals) has been demonstrated (Pavio et al. 2015) . In France, like in most European countries, genotype 3 HEV is predominant and has been reported to be circulating among the French population (Abranavel et al. 2012; Lhomme et al. 2015) .
Following an outbreak of hepatitis E disease, which occurred in a contained environment (Guillois et al. 2016) , we considered that it represented a unique opportunity to estimate the number of infected individuals needed for HEV to be present and detectable in sewage. To our knowledge, studies investigating the relationship between the number of infected people and viral concentrations in sewage have not yet been reported.
Materials and Methods

Outbreak Description
Following a wedding event involving the consumption of undercooked pork on the 28th of September 2013, three clinical cases of hepatitis E were identified on an island in western France (Guillois et al. 2016) . After an epidemiological investigation and serological tests, an additional 14 individuals were also considered to be potential HEV excretors, due to the presence of IgM in serum samples. Indeed, the persistence of HEV in stool samples after the clearance of IgM in blood serum has been reported (Kamar et al. 2014) .
Island Description
The island, located off the western coast of France, has an area of 85.6 km 2 and a population of 5158 inhabitants (density of 60.2 inhabitants/km 2 ) (INSEE, January 2013). The island has a total of 6242 dwellings, 2455 of these are primary dwellings, the others are holiday homes, which are only used during the summer months. In 2010, 53 farms were identified, with 800 cattle, 2235 sheep, and some horticultural activities (vegetables), but no commercially farmed pigs were present on the island (French agriculture ministry data). The main activity on the island is tourism, which occurs primarily over summer, from May to the end of September.
Wastewater Treatment Plants (WWTPs) and Sample Collection
Approximately half of the dwellings on the island have septic tanks, and the other half are connected to four WWTPs. Three WWTPs (A, B, C) have simple treatment processes with lagoons (three serial ponds that are gravity fed), whereas the largest WWTP (D) uses activated sludge treatment. All four WWTPs treat small volumes of domestic wastewater (30, 24, 97, and 1486 m 3 per day for WWTP A, B, C, and D, respectively) (Pers. Comm. AIC Conseil, 2012). Grab samples of less than 5 L of influent were collected on the 19th of December 2013, on the 8, 20, and 27th of January 2014, and on the 29th of March 2014. Grab effluent samples were collected at the same dates, except December 19th. For technical reasons, no samples were collected from WWTP A and D on January 27 (neither influent or effluent). The samples were transported by boat and car to the laboratory within 24 h of collection and were immediately processed or frozen at -20°C.
Viral RNA Extraction
Effluent samples were concentrated from 1 L to 40 mL using cross-flow ultrafiltration (Vivaflow 50; Sartorius, Germany) (Sima et al. 2011) . The 40 mL effluent concentrates, as well as 40 mL sub-samples of influent (with no concentration), were spiked with 10 6 genome copies of mengovirus strain vMC0 (kindly provided by A. Bosch, University of Barcelona, Spain), mixed with polyethylene glycol 6000 (PEG) (Sigma-Aldrich, St Quentin, France) and rocked overnight at 4°C (Sima et al. 2011 ). After centrifugation for 1.5 h at 13,500 9g, supernatants were discarded and the PEG pellet was collected for nucleic acid extraction. Viral RNA was extracted using a NucliSENS kit (bioMérieux, Lyon, France) according to the manufacturer's instructions, with minor modifications (Sima et al. 2011 ).
Quantitative Detection
Amplification for the Mengovirus and HEV was carried out using the Ultrasens QRT-PCR kit (Invitrogen, France) using previously published cycling conditions, primers, and probes (Grodzki et al. 2014; Jothikumar et al. 2006) . The extraction efficiency of the spiked mengovirus was expressed as a percentage for each sample (Sima et al. 2011) .
Only samples with an extraction efficiency above 1 % were considered valid and suitable for quantification. After verification of the absence of inhibition (based on serial dilutions of nucleic acids), the number of RNA copies (RNAc) was estimated based on a standard curve derived from an in vitro transcription plasmid containing a fragment of the HEV genotype 3f strain (kindly provided by N. Pavio, Anses, Paris France) (Grodzki et al. 2014 ). The final concentration was then back calculated based on the volume of nucleic acid analyzed and expressed per L. Food Environ Virol (2016) 8:194-199 195 Typing of Positive Samples HEV typing was undertaken via amplification of a fragment of open-reading frame 2 (ORF2) by nested PCR. Briefly, complementary DNA (cDNA) was obtained through a reverse transcription reaction using super script III reverse transcriptase (invitrogen), and the partial ORF2 region of HEV was amplified using AmpliTaq DNA polymerase with buffer II (Applied Biosystems, France) with primers 3156 N and 3157 N for the first PCR and 3158 N and 3159 N for the second PCR. Expected length of second PCR product was 348 bp (Cooper et al. 2005; Legrand-Abravanel et al. 2009 ). Amplified products were cloned and ten different clones were sequenced.
Expected Concentration of HEV in Influent Samples
Based on (1) the WWTP flow rates; (2) the estimated excretion of 200 mL of stool per day per individual; and (3) published data on the concentrations of HEV shed in feces (Lodder et al. 2012; Takahashi et al. 2007 ), we calculated the expected concentrations of HEV in wastewater assuming that the WWTPs collected all the viral particles shed by the infected individuals.
Results
Quantitative Detection
A total of 18 influent and 14 effluent samples were collected between December 19th 2013 and March 29th 2014. Mean extraction efficiencies were 10, 11, 13, and 12 % (influent samples) and 8, 5, 9, and 13 % (effluent samples) for WWTP A, B, C and D, respectively. Four influent samples were positive for HEV; three of these were collected from WWTP B and one from WWTP C (Table 1 ). In December, the HEV concentration detected in the influent sample from WWTP B was 2-logs higher than that from WWTP C. Due to the time of year (christmas), and also poor climatic conditions that made transit to the island difficult (no boat transportation), wastewater samples were only collected 3 weeks later on the 8th of January, and only the WWTP B influent sample was positive at that time. The concentration was in the same range the following week, and at the end of January, all influent samples were found to be under the limit of detection (2.2 log RNAc/L, Table 1 ). None of the effluent samples were positive for HEV.
Typing
Partial ORF2 HEV sequences were obtained from the influent collected from WWTP B on the 19th of December 2013 and on the 20th of January 2014, and these were found to be identical to a 3f strain that was obtained from the three clinical cases (Guillois et al. 2016 ).
Geographical Investigation
The source of the contamination was identified as the pork meat eaten during the wedding event. The WWTPs that wedding participant houses were connected to were identified, based on postal codes. Seven wedding participants lived in houses with septic tanks; three of them were infected with HEV. The other 45 participants, including 14 infected participants, lived in houses connected to three of the four WWTPs (Table 2) . None of the meal participants' houses were connected to WWTP A, which can be used as a control to demonstrate absence of HEV in sewage. WWTP B, C, and D received wastewater from a comparable number of infected individuals (Table 2) . Expected viral concentrations, expressed as log RNA copies per liter of influent, were calculated based on the volume of sewage entering each plant (data provided by the operator), and the number of viruses potentially excreted by infected people connected to the WWTP. This gave low concentrations, close to the limit of detection of the HEV method. These estimations aligned well with the concentrations detected in samples from the WWTPs, as HEV was never detected in WWTP A, and the predicted and actual concentration ranges for WWTP B and C were similar (Table 2) . We expected to detect some HEV in samples from WWTP D based on the maximum concentration calculated; however, our results fit within the expected range, especially considering that we only had access to grab samples that were potentially not representative of the average HEV concentration in the influent.
Discussion
This study shows that when as little as 1-4 % of inhabitants connected to a small WWTP (receiving less than hundred m 3 /day of raw sewage) were infected with HEV, raw sewage contained HEV at detectable levels up to 3 months after the contamination event. In the larger WWTP (receiving more than a thousand m 3 /day of raw sewage), the five infected people represented only 0.2 % of the connected inhabitants and the virus was not detected. The entire population of the island was not tested for HEV, but finding one WWTP negative (or at least under the limit of detection of the method) suggests that HEV is not circulating all the time. Obtaining sewage samples that are representative of the viral load in the WWTP is challenging as it requires either large volumes or 24-H composite samples. Samples of large volume are difficult to handle, especially if on site concentration is not possible, and concentration steps can lead to an increase in inhibitory substances, which impede the enzymes used in the molecular assays (either the reverse transcriptase or the polymerase). However, to reduce the potential for falsenegative results, inhibition of molecular assays may be overcome by incorporating quality control measures, such as the use of an external virus to determine extraction efficiency, and nucleic acid dilution (Myrmel et al. 2015; Ruggeri et al. 2015; Sima et al. 2011) .
The detected concentrations of HEV were close to the highest calculated (predicted) concentrations. This suggests that HEV shedding was at least as estimated and confirmed that patients were still excreting viruses a few weeks after the infection event. Indeed, the collection of the first sewage samples was delayed in relation to the onset of disease in patients, and due to poor weather conditions sampling was not undertaken during February. The WWTPs applied basic treatment regimes and the removal efficiency explain the absence of HEV in treated sewage, as even a reduction of 1-2 logs would result in concentrations below the limit of detection of the test method. This suggests that we need to increase the sensitivity of the detection method, and further investigation into the potential presence of infectious HEV in sewage effluent in larger communities should be undertaken.
Human to human transmission of hepatitis E is rare, and the food or water transmission route are more frequently involved (Yugo et al. 2013) . Regarding zoonotic strains such as genotype 3, the consumption of undercooked meat is suggested to be the primary route (Pavio et al. 2015) . However, the high prevalence of this genotype in the human population in Europe, but also worldwide, may raise the question of other routes of transmission. This genotype is the most frequently detected in sewage in many countries (La Rosa et al. 2010; Masclaux et al. 2013; Smith et al. 2016) . Considering that inadequately treated sewage is a major factor in the transmission of human enteric viruses (EFSA 2011), one of the first questions raised is 'how many infected people are needed to allow the detection of virus in raw sewage?' This question is difficult to research, as WWTPs usually collect sewage from a large number of people, for whom the infection status is not always known (i.e., un-diagnosed cases) and outbreaks often involve people living in disparate places that are connected to different WWTPs. Others factors such as industrial wastewater may also contribute to viral particle dilution. Fortunately, this outbreak took place on an island, at a time when tourism activity was low and the population was relatively static, giving us the opportunity to evaluate the relationship between the number of infected people and the viral concentration in raw sewage.
Elements that favor adaptation of zoonotic strains (such as HEV genotype 3) to humans, potentially leading to an increase in human to human transmission, are not clear. The environment may play a role and sharing information on clinical cases with WWTP operators may help to prevent further distribution of the virus in the environment and downstream contamination. We demonstrated that if 1 % of inhabitants connected to a WWTP were infected with HEV, sewage influent contained HEV at detectable levels. Viral detection in wastewater is not being conducted on a routine basis yet, but it is feasible considering recent method development efforts, kit availability, and the /day b mean concentrations calculated based on fecal concentrations of 3 log RNAc/mL (range from 2 to 7 log RNAc/mL) for HEV (Takahashi et al. 2007) , and expressed in log RNAc/L c expressed in log RNAc/L , and a LOD (limit of detection) of 2.2 log RNAc/L Food Environ Virol (2016) 8:194-199 197 sensitivity of amplification methods, which target a variety of different viruses. Although screening all viral pathogens requires expensive equipment, such as the microfluidic or next generation sequencing approaches (Bibby et al. 2013; Ishii et al. 2014; Newton et al. 2015) , searching for some specific viruses of public health concern in sewage may be feasible in developed countries. The impact of one hepatitis A shedder on shellfish contamination was just demonstrated, leading to clinical cases in consumers (Boxman et al. 2016 ). In the era of rapid networking via the internet, we believe that enhanced data sharing with respect to geographical locations of diagnosed cases will help to prevent further transmission through avoiding subsequent water and food contamination.
